Introduction
============

Gastric cancer is a common form of malignant tumor in gastrointestinal tract cancer. In recent years, gastric cancer ranks as the third highest for mortality rate and fourth highest for morbidity rate of all types of cancer in the world ([@b1-ijmm-43-02-0967]). In less developed countries in particular, it is the third most frequently diagnosed cancer in men and the leading cause of cancer-associated mortality ([@b2-ijmm-43-02-0967]). Although a decreasing trend in gastric cancer incidence and mortality rates has been observed in several countries, it is not effectively treated currently due to its complex etiology ([@b3-ijmm-43-02-0967]). Surgery is the optimal treatment approach for gastric cancer at present, however, the 5-year-survival rate remains low. The majority of patients relapse following surgery ([@b4-ijmm-43-02-0967]). Systemic and partial chemotherapy is necessary for patients with advanced gastric cancer ([@b5-ijmm-43-02-0967]). However, gastric cancer cells show high drug resistance to most common chemotherapeutic agents ([@b6-ijmm-43-02-0967],[@b7-ijmm-43-02-0967]). Consequently, identifying novel effective anticancer drugs is crucial for cancer therapy.

Corilagin \[β-1-O-galloyl-3,6-(R)-hexahydroxydiphenoyl-D-glucose\] is a unique component of the tannin family. The molecular weight of corilagin is 634.45 ([@b8-ijmm-43-02-0967]). Corilagin has been identified in several medicinal plants, including Longan ([@b9-ijmm-43-02-0967]), *Lumnitzera racemose* ([@b10-ijmm-43-02-0967]), *Terminalia catappa* L ([@b11-ijmm-43-02-0967]) and *Phyllanthus* species ([@b12-ijmm-43-02-0967]). Previous studies have shown that corilagin has extensive pharmacological actions, including anti-inflammatory ([@b13-ijmm-43-02-0967]), antioxidative ([@b11-ijmm-43-02-0967]), antiviral ([@b12-ijmm-43-02-0967]), hepatoprotective ([@b10-ijmm-43-02-0967]), antiatherogenic ([@b8-ijmm-43-02-0967]) and antitumor activities, and low adverse effects. A study by Guo *et al* ([@b14-ijmm-43-02-0967]) demonstrated that corilagin can protect against herpes simplex virus-1 (HSV-1) encephalitis through inhibiting the Toll-like receptor (TLR)2 signaling pathways. In their study, it was found that corilagin markedly prevented an increase in the levels of TLR2 and its downstream mediators following HSV-1 challenge. In addition, it was shown that corilagin directly inhibited inflammatory cytokines, including tumor necrosis factor (TNF)-α and interleukin (IL)-6 proteins. The effect of corilagin on hepatoprotective properties has been reported; the underlying hepatoprotective mechanism of corilagin was examined in a trauma-hemorrhagic shock rodent model and it was found that the drug markedly alleviated pro-inflammatory cytokine and neutrophil accumulation via the AKT pathway ([@b15-ijmm-43-02-0967]). Similarly, Du *et al* ([@b16-ijmm-43-02-0967]) indicated that corilagin effectively relieved hepatic fibrosis by inhibiting the expression of molecules associated with the IL-13/signal transducer and activator of transcription 6 signaling pathway. Furthermore, studies have confirmed that corilagin has notable antitumor effects on a number of tumor cells, including hepatoma ([@b17-ijmm-43-02-0967]), ovarian cancer ([@b18-ijmm-43-02-0967]), cholangiocarcinoma ([@b19-ijmm-43-02-0967]) and glioblastoma ([@b20-ijmm-43-02-0967]). Studies have shown that corilagin can markedly inhibit the growth of ovarian cancer cells *in vitro* and *in vivo* by increasing cell cycle arrest at the G2/M stage, enhancing apoptosis and inhibiting the TGF-β signaling pathways ([@b18-ijmm-43-02-0967],[@b21-ijmm-43-02-0967],[@b22-ijmm-43-02-0967]). However, the mechanism involved has not been fully elucidated in gastric cancer. Therefore, the present study was designed to investigate the effect of corilagin on the apoptosis, autophagy and necroptosis of SGC7901 and BGC823 human gastric cancer cells.

Cell apoptosis, controlled by a large number of genes, acts as one of the most vital processes in the regulation of carcinogenesis ([@b23-ijmm-43-02-0967]). It has been well documented that signaling pathways leading to apoptosis involve the sequential activation of cysteine proteases, known as caspases ([@b24-ijmm-43-02-0967]). In the initial step of the apoptotic process, it triggers the activation of an apoptotic signaling program, which leads to cell death rather than killing the cell directly ([@b25-ijmm-43-02-0967]).

Autophagy, commonly referred to as 'self-eating', is sensitized by various types of intracellular stress, for example, DNA damage and low nutrient levels. Autophagy is mostly a protective process involving the capture and digestion of cellular constituents within lysosomes. However, the hyperactivation of autophagy can cause autophagic cell death ([@b26-ijmm-43-02-0967]).

Necroptosis is a more recently described form of programmed cell death, which differs from apoptosis and has similar morphological characteristics to necrosis, including cell swelling, rupture of the plasma membrane and condensation of the chromatin. In recent years, necroptosis has attracted wide attention due to its specific function in physiological and pathological processes. Receptor interaction protein 3 (RIP3), a serine/threonine kinase, is required for activation of the necrotic cell death pathway. However, RIP3 deficiency has been found in the majority of cancer cell lines. Therefore, RIP3 may be important in cancer progression ([@b27-ijmm-43-02-0967],[@b28-ijmm-43-02-0967]).

Reactive oxygen species (ROS), a cellular metabolite, is important in the development of cancer ([@b29-ijmm-43-02-0967]). Oxidative stress is an imbalance between ROS and the antioxidant defense system. Excessive ROS production at certain levels act as signal molecules to stimulate cell apoptosis and DNA damage ([@b30-ijmm-43-02-0967]). Accordingly, it is recognized that ROS are involved in antitumor function.

In the present study, the effects of corilagin-induced growth inhibition and apoptosis were first evaluated in gastric cancer cells using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide (MTT) assay, EdU proliferation assay, lactate dehydrogenase (LDH) release assay, ROS generation assay, Hoechst 33342 staining detection, flow cytometric analysis and western blot analysis. Subsequent investigation focused on the ability of corilagin to induce autophagy in human gastric cancer cells and whether the inhibition of autophagy can enhance the effect of corilagin. Finally, experiments were performed to investigate whether necroptosis occurs in gastric cancer cells following corilagin treatment.

Materials and methods
=====================

Reagents and antibodies
-----------------------

Corilagin with a purity of 99.36% was purchased from Qingyun Biology (Nanjing, China). Acridine orange (AO), Earle\'s balanced salt solution (EBSS), dimethyl sulfoxide (DMSO), N-acetyl-L-cysteine (NAC), MTT, anti-β-actin antibody (cat. no. A1978) and Hoechst 33342 were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Fetal bovine serum (FBS), horseradish peroxidase-conjugated goat anti-rabbit antibody (cat. no. A24537), RPMI-1640 medium and Dulbecco\'s modified Eagle\'s medium (DMEM) were purchased from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Penicillin-streptomycin was obtained from PAA; GE Healthcare (Chicago, IL, USA). Chloroquine (CQ) and necrosulfonamide (NSA) were purchased from Tocris Biosciences (Bristol, UK). Pancreatin was purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China). Z-VAD-FMK and necrostatin-1 (Nec-1) were obtained from Selleck Chemicals (Houston, TX, USA). Anti-LC3 antibody (cat. no. NB100-2220) was purchased from Novus Biologicals, LLC (Littleton, CO, USA) and anti-RIP3 antibody (cat. no. GTX107574) was obtained from Genetex Inc. (Irvine, CA, USA). The lactate dehydrogenase (LDH) cyto-toxicity assay kit, anti-caspase-3 antibody (cat. no. AC030), anti-caspase-8 antibody (cat. no. AC056), anti-caspase-9 antibody (cat. no. AC062) and anti-poly ADP-ribose polymerase (PARP) antibody (cat. no. AP102) were purchased from Beyotime Institute of Biotechnology (Haimen, China). The Annexin V-FITC/propidium iodide (PI) apoptosis detection kit and ROS detection kit were obtained from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). All other chemicals were of analytical grade available from commercial sources.

Cell culture
------------

The SGC7901 and BGC823 human gastric cancer cell lines were obtained from the Chinese Academy of Sciences (Shanghai, China). The GES-1 human gastric mucosal epithelial cell line, HeLa human cervical cancer cell line and HT-29 human colorectal carcinoma cell line were donated by the School of Life Sciences, Xiamen University (Xiamen, China). The HT-29, SGC7901 and BGC823 cells were maintained in RPMI-1640 medium, the HeLa and GES-1 cells were cultured in DMEM. The media were supplemented with 10% FBS and 100 U/ml penicillin/streptomycin. The cells were cultured at 37°C in a humidified atmosphere of 95% air and 5% CO~2~.

Cell viability assay
--------------------

The cell growth was measured using an MTT assay. The cells were seeded into 96-well plates at a density of 1×10^4^ cells/well. After 24 h of incubation, the cells were treated with corilagin at serial concentrations (0, 10, 20, 30, 40 and 50 *µ*M) for 24 h. Furthermore, for synergistic effect analysis, corilagin (30 *µ*M) combined with Z-VAD-FMK (CQ, NAC, NSA or Nec-1) were added to the cells and incubated for 24 h. At the end of treatment, 20 *µ*l of MTT was added to each well (final concentration: 0.5 mg/ml) and incubated for 4 h. The medium was then replaced with 150 *µ*l of DMSO. The absorbance was measured with a microplate reader at a wavelength of 490 nm.

EdU proliferation assay
-----------------------

The cells (density, 1×10^4^ cells/well) were seeded into a 96-well plate and then treated with corilagin for 24 h. Cell proliferation was assessed using the EdU proliferation assay kit (Guangzhou RiboBio Co., Ltd., Guangzhou, China). The stained cells were observed under a fluorescence microscope (Olympus IX51; Olympus Corporation, Tokyo, Japan).

Cell morphological analysis using Hoechst 33342 staining
--------------------------------------------------------

The cells (density, 1.5×10^5^ cells/well) were cultured in 12-well plates and treated with corilagin (0, 10, 20 and 30 *µ*M) for 24 h. Following treatment, the cells were washed twice with PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) in PBS for 10 min at room temperature. The cells were then washed twice with PBS and stained with 10 *µ*g/ml Hoechst 33342 for 15 min at 37°C. The morphological changes were detected using a fluorescence microscope (Olympus Corporation). This assay was performed following the procedures as described by Lee *et al* ([@b31-ijmm-43-02-0967]).

LDH release assay
-----------------

The cells (density, 1×10^4^ cells/well) were seeded into 96-well plates and then treated with corilagin at different concentrations (0, 10, 20 and 30 *µ*M). The LDH assay was then performed according to the steps described by the manufacturer\'s protocol for the LDH cytotoxicity assay kit (Beyotime Institute of Biotechnology).

Annexin V-FITC/PI double staining apoptosis detection
-----------------------------------------------------

The Annexin V-FITC/PI kit was used to detect the apoptosis of cells by flow cytometry. Briefly, the cells were cultured and treated with corilagin (0, 10, 20 and 30 *µ*M). After 24 h, the cells were collected and harvested. The cells were then washed with cold PBS, adjusted to 1×10^6^ cells/ml in 1X binding buffer and stained with Annexin V-FITC and PI solution for 15 min at room temperature in the dark. Finally, the stained cells were analyzed by flow cytometry (Beckman Coulter, Inc., Brea, CA, USA).

Acridine orange (AO) staining analysis
--------------------------------------

The SGC7901 and BGC823 cells were collected and plated into 12-well plates. After 12 h of incubation, the cells were treated with corilagin for 24 h. The cells were then stained with 1 *µ*M AO at 37°C for 15 min. Finally, the acidic autophagic vacuoles were visualized using a fluorescence microscope.

Detection of ROS generation assay
---------------------------------

The ROS generation assay was performed as previously described ([@b32-ijmm-43-02-0967]). The SGC7901 and BGC823 cells were exposed to various concentrations (0, 10, 20 and 30 *µ*M) of corilagin with or without NAC for 24 h, washed with PBS, and resuspended in culture medium (without serum) containing 10 *µ*M DCFH-DA. As positive control, the cells were treated with Rosup (50 *µ*g/ml) for 30 min. Subsequently, ROS production was detected by flow cytometry.

Reverse transcription-polymerase chain reaction (RT-PCR) assay
--------------------------------------------------------------

Total RNA from the gastric cancer cells was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), following which cDNA was synthesized with 1 *µ*g of total RNA at 37°C for 15 min using the Primescript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). The RT-PCR assay was performed using the Roche LightCycler^®^96 Real-time PCR system with the SYBR Premix EX Taq Ⅱ kit (Takara, Biotechnology Co., Ltd.). The reaction volume was 20 *µ*l, including SYBR Premix EX Taq II (10 *µ*l), Forward Primer (0.8 *µ*l), Reverse Primer (0.8 *µ*l), cDNA (2 *µ*l), Sterilized Purified Water (6.4 *µ*l). The amplification conditions were the following: Initial pre-degeneration at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 10 sec and annealing/extension at 60°C for 20 sec. The relative mRNA levels were determined with the 2^−ΔΔCq^ method ([@b33-ijmm-43-02-0967]). GAPDH was used as an RIP3 mRNA internal control. The RIP3 primers were forward, 5\'-ACT CCC GGC TTA GAA GGA CT-3\' and reverse, 5\'-GCC CTG CTC CTC TTG GTA AG-3\'. The GAPDH primers were forward, 5\'-TGC ACC ACC AAC TGC TTA GC-3\' and reverse, 5\'-GGC ATG GAC TGT GGT CAT GAG-3\'.

Western blot analysis
---------------------

Following corilagin treatment, the cells were collected and lysed in RIPA lysis buffer. The protein quantity was analyzed using a Bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.). The protein samples (20 *µ*g) were separated using SDS-PAGE (8-12%) and transferred onto PVDF membranes. Subsequently, these membranes were blocked using 5% non-fat milk, and incubated with the appropriate primary antibodies against LC3 (cat. no. NB100-2220), RIP3 (cat. no. GTX107574), caspase-3 (cat. no. AC030), caspase-8 (cat. no. AC056), caspase-9 (cat. no. AC062) and PARP (cat. no. AP102; all 1:1,000) at 4°C overnight. The membranes were then incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:5,000; cat. no. A24537) for 1 h at room temperature. Finally, the protein bands were visualized using the ECL detection system (Pierce; Thermo Fisher Scientific, Inc.).

Statistical analysis
--------------------

All data are presented as the mean ± standard deviation of three independent experiments. Statistical analysis was performed using Student\'s t-test with GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Corilagin inhibits human gastric cancer cell growth but has no effect on normal cells
-------------------------------------------------------------------------------------

To evaluate the growth inhibitory effect of corilagin ([Fig. 1A](#f1-ijmm-43-02-0967){ref-type="fig"}), the effects of corilagin on the proliferative activities of the cells were investigated. The effect of corilagin on the growth of GES-1 human gastric mucosal epithelial cells was examined using an MTT assay. As shown in [Fig. 1B](#f1-ijmm-43-02-0967){ref-type="fig"}, the cell viability in the corilagin-treated groups did not decrease. The effects on SGC7901 and BGC823 cell lines were also investigated using the MTT assay. As presented in [Fig. 1C](#f1-ijmm-43-02-0967){ref-type="fig"}, corilagin significantly inhibited cell proliferation of the two cancer cell lines in a concentration-dependent manner compared with the control group. The cytotoxic effect of corilagin on SGC7901 and BGC823 cells was also assessed by microscopic observations. The results ([Fig. 1D](#f1-ijmm-43-02-0967){ref-type="fig"}) indicated that the cells exposed in corilagin for 24 h exhibited morphological changes compared with the untreated cells. Specifically, the cell number was effectively decreased and the cells became rounded following corilagin treatment, and this occurred in in a dose-dependent manner. The results of the EdU assay ([Fig. 2A and B](#f2-ijmm-43-02-0967){ref-type="fig"}) confirmed the effects on the proliferation of SGC7901 and BGC823 cells. Based on these preliminary results, 0, 10, 20 and 30 *µ*M were selected as the appropriate concentration ranges for SGC7901 and BGC823 cells in the following experiments.

Corilagin induces the apoptosis of SGC7901 and BGC823 cells
-----------------------------------------------------------

To determine whether the efficacy of corilagin on cell growth inhibition was a result of apoptosis. Annexin V/PI and Hoechst 33342 staining assays were combined to assess apoptotic cell death. First, the morphological characteristics were observed in apoptotic cells and the results are shown in [Fig. 3A](#f3-ijmm-43-02-0967){ref-type="fig"}. The untreated control cells manifested weak homogeneous blue fluorescence and a normal nuclear structure. The corilagin-treated cells exhibited chromosomal condensation, formation of apoptotic bodies and brighter granular blue fluorescence, which are characteristics of apoptotic-like morphological changes. The Annexin V/PI staining assay was performed to further detect the effect of corilagin on apoptosis. As shown in [Fig. 3B](#f3-ijmm-43-02-0967){ref-type="fig"}, corilagin treatment induced apoptosis of the gastric cancer cells in a dose-dependent manner. Additionally, the number of early and late stage apoptotic cells were significantly increased following exposure to corilagin.

The release of LDH into culture media is one of the indicators of cell death ([@b34-ijmm-43-02-0967]). Therefore, the cytotoxic activity of corilagin on human gastric cancer cell lines was assessed using an LDH release assay. The results showed that the percentage of LDH release markedly increased in a concentration-dependent manner ([Fig. 3C](#f3-ijmm-43-02-0967){ref-type="fig"}) and suggested that cell damage and cell death had occurred. To further investigate whether caspase-dependent apoptotic cell death had was present, Z-VAD-FMK, a pan caspase inhibitor, was used to detect cell viability using an MTT assay. As shown in [Fig. 3D](#f3-ijmm-43-02-0967){ref-type="fig"}, Z-VAD-FMK markedly restored cell viability in the SGC7901 and BGC823 cell lines.

These results indicated that corilagin induced apoptotic cell death and that the caspase-dependent apoptotic pathway may be key in the growth inhibitory effect of corilagin on gastric cancer cells.

Effect of corilagin on the expression of apoptosis-related proteins in human gastric cancer cells
-------------------------------------------------------------------------------------------------

To verify the mechanisms of apoptosis of human gastric cancer cells induced by corilagin, the expression of key proteins involved in cell apoptosis were detected by western blot analysis. As shown in [Fig. 4](#f4-ijmm-43-02-0967){ref-type="fig"}, it was found that corilagin treatment decreased the protein levels of procaspase-8, -9 and -3 in a dose-dependent manner. Furthermore, corilagin increased the level of cleaved PARP in a concentration-dependent manner. These results suggested that corilagin induced caspase-dependent apoptosis of human gastric cancer cells.

Corilagin induces autophagy, which has a cytoprotective effect in human gastric cancer cells
--------------------------------------------------------------------------------------------

To examine whether corilagin triggers the occurrence of autophagy, the formation of acidic autophagic vacuoles in gastric cancer cells was detected using AO dye. Under a fluorescence microscope, acidic vesicles exhibit bright red fluorescence and cell nuclei show green fluorescence. As shown in [Fig. 5A](#f5-ijmm-43-02-0967){ref-type="fig"}, treatment with corilagin caused enhancement of acidic vesicles in SGC7901 and BGC823 cells compared with the control group (EBSS, as a positive control). It is known that LC3 protein is a key marker for autophagy. Therefore, LC3 conversion from LC3I to LC3II was assessed by western blot analysis. The results ([Fig. 5B](#f5-ijmm-43-02-0967){ref-type="fig"}) showed that corilagin markedly increased the level of LC3II. These findings suggested that corilagin treatment induced autophagy of human gastric cancer cells.

To further corroborate whether autophagy has as protective effect on cancer cells, CQ, a late autophagy inhibitor, and corilagin were used to co-treat SGC7901 and BGC823 cells. The results from the western blot and MTT assays, respectively, showed that the expression of LC3II was markedly enhanced and cell viability was significantly decreased compared with the SGC7901 and BGC823 cells incubated in corilagin only ([Fig. 5C and D](#f5-ijmm-43-02-0967){ref-type="fig"}). These data indicated that corilagin induced autophagy in gastric cancer cells and that the inhibition of autophagy improved the effect of corilagin on the suppression of cell proliferation.

Corilagin induces ROS generation in human gastric cancer cells
--------------------------------------------------------------

ROS, as significant signaling molecules, are involved in signal transduction and sustaining cellular redox homeostasis in aerobic organisms ([@b35-ijmm-43-02-0967]). ROS are not only supporters of tumor cells, but are also efficient therapeutic tools in treating cancer ([@b29-ijmm-43-02-0967]). In the present study, intracellular ROS production was detected using a DCFH-DA probe in gastric cancer cells. Following treatment with corilagin for 24 h, the flow cytometry revealed that corilagin significantly increased ROS generation in a dose-dependent manner ([Fig. 6A](#f6-ijmm-43-02-0967){ref-type="fig"}). To further analyze the role of ROS, the ROS scavenger NAC was used to inhibit the accumulation of intracellular ROS ([Fig. 6B](#f6-ijmm-43-02-0967){ref-type="fig"}). In addition, an MTT assay was performed to examine cell viability, as shown in [Fig. 6C](#f6-ijmm-43-02-0967){ref-type="fig"}. Corilagin induced cell growth inhibition, which was markedly attenuated by pre-treatment with NAC. These data suggested that there is an increase of cell viability when the level of ROS was reduced with NAC.

Corilagin cannot activate necroptosis in SGC7901 and BGC823 cells
-----------------------------------------------------------------

To identify whether corilagin induces necroptosis in gastric cancer cells, an MTT assay was used to examine the cell growth inhibitory effect of corilagin. First, the SGC7901 and BGC823 cells were pre-treated with necroptosis inhibitor Nec-1 or NSA for 2 h, and then treated with corilagin for 24 h. As shown in [Fig. 7A and B](#f7-ijmm-43-02-0967){ref-type="fig"}, neither Nec-1 nor NSA significantly restored cell viability in the corilagin-treated SGC7901 and BGC823 cells. It is known that RIP3 is required for activation of the necroptosis signaling pathway. Therefore, RT-PCR and western blot analyses were performed to examine the expression of RIP3. The results, as shown in [Fig. 7C and D](#f7-ijmm-43-02-0967){ref-type="fig"}, revealed that RIP3 was not expressed in the SGC7901 or BGC823 cells. HeLa cells were used as a negative control and HT-29 cells were used as a positive control. These results demonstrated that corilagin cannot induce necroptosis in SGC7901 and BGC823 cell lines.

Discussion
==========

As far as we know, although certain pharmacological and biochemical effects of corilagin have been reported, the anticancer effect of corilagin has received limited investigation. Attar *et al* ([@b18-ijmm-43-02-0967]) investigated the apoptotic and genomic effects of corilagin on SKOV3 ovarian carcinoma cells. Their results indicated that corilagin increased apoptosis and altered the genomic expression levels in SKOV3 cells in a time- and dose-dependent manner. However, there have been no reports on the effect of corilagin in gastric carcinoma cells. In the present study, it was first exhibited that corilagin markedly inhibited cell proliferation in a concentration-dependent manner in SGC7901 and BGC823 cells. Furthermore, it was demonstrated that corilagin showed less toxicity towards normal cells, for example, GES-1 human gastric mucosal epithelial cells. These results indicated that corilagin has potent antitumor activity against gastric cancer cells with less toxicity towards normal cells.

To the best of our knowledge, apoptosis is a specific type of programmed cell death that is key in the antitumor activity of several natural products. In the present study, it was shown that the growth inhibitory properties of corilagin were due to apoptotic cell death, as detected by Annexin V/PI staining. Additionally, it was also found that the gastric cancer cells exhibited the characteristics of apoptotic-like morphological changes, determined using a Hoechst 33342 staining assay. These data suggested that corilagin induces the apoptosis of human gastric cancer cells. Caspases have been widely investigated in the past ([@b36-ijmm-43-02-0967]); they are key in the cascade that result in apoptosis. Caspases are classified either as initiators or executors of apoptosis, depending on their time of entry into the cell death process. Initiator caspases, including caspases -2, -8, -9 and -10, enter the apoptotic cascade in the early stage and are responsible for activating the executor caspases -3, -6 or -7 ([@b37-ijmm-43-02-0967]). In the present study, it was shown that the protein levels of procaspase -8, -9 and -3 were decreased following corilagin treatment. Simultaneously, PARP, an indicator of caspase activation, was cleaved by corilagin incubation. The expression level of cleaved PARP was increased in a dose-dependent manner in SGC7901 and BGC823 cells. It was also found that Z-VAD-FMK markedly restored cell viability. Taken together, these data certified that corilagin induced caspase-dependent apoptotic cell death in human gastric cancer.

As a specific cell death pathway, autophagy can be triggered by various intracellular stimuli and it has conflicting effects in tumor therapy, as it can have tumor-promoting or tumor-inhibiting effects. The role of autophagy in diverse therapies is cell line- and activator-dependent ([@b38-ijmm-43-02-0967]). In the present study, the activation of autophagy was observed in corilagin-treated SGC7901 and BGC823 cells. The autophagy inhibitor, CQ, was used to detect whether autophagy has a protective effect on corilagin-exposed gastric cancer cells. The results showed that CQ and corilagin co-treatment further decreased cell viability compared with that in cells treated with corilagin alone. Accordingly, it was hypothesized that corilagin induces autophagy, which has a cytoprotective role in human gastric cancer cells. However, additional data are required to confirm this conclusion.

ROS is a collective noun for the reactive forms of oxygen, and acts as a second messenger that is involved in signaling cascades ([@b39-ijmm-43-02-0967]). The excessive generation of ROS can result in oxidative stress, DNA damage and cell death through apoptosis or necrosis ([@b40-ijmm-43-02-0967]). For example, Su *et al* ([@b41-ijmm-43-02-0967]) found that sonodynamic treatment significantly increased intracellular ROS generation and induced the apoptosis of K562 human leukemia cells in a ROS-dependent manner. Similarly, in the present study, it was shown that corilagin markedly increased ROS production in the SGC7901 and BGC823 cells. The present study also demonstrated that the cell growth inhibition induced by corilagin was effectively attenuated by pre-treatment with NAC. These results suggested that ROS may be vital in the inhibition of human gastric cancer cell growth caused by corilagin treatment.

Based on the above results, it was confirmed that corilagin can induce autophagy, apoptosis and ROS accumulation in gastric cancer cells. The specific associations among these factors have attracted increased attention. A study by Srivastava *et al* ([@b42-ijmm-43-02-0967]) reported that neem oil limonoids triggered p53-independent apoptosis and autophagy in cancer cells; furthermore, they found the existence of cross-talk between them. Numerous studies have demonstrated that autophagy has as a protective role in several types of cancer cell and the inhibition of autophagy can increase anticancer drug-induced apoptosis ([@b43-ijmm-43-02-0967],[@b44-ijmm-43-02-0967]). In addition, ROS have been shown to be important in the pathways of cellular apoptosis and autophagy ([@b45-ijmm-43-02-0967]). For example, Xu *et al* ([@b46-ijmm-43-02-0967]) demonstrated that the inhibition of autophagy increased ROS-mediated apoptosis in mesangial cells. They revealed that apoptosis and autophagy were dependent on ROS production. In the present study, it was suggested that the inhibition of autophagy enhanced the effect of corilagin on gastric cancer cells. Therefore, autophagy may inhibit apoptosis in corilagin-treated SGC7901 and BGC823 cells. In addition, corilagin markedly enhanced ROS generation, which is vital in inhibiting the proliferation of human gastric cancer cells. Therefore, it is possible that ROS accumulation promoted apoptosis of the corilagin-exposed gastric cancer cells. However, further examination is required to analyze the associations of apoptosis, autophagy and ROS accumulation in subsequent investigations.

Necroptosis, namely programmed necrosis, is identified as an emerging form of programmed cell death distinct from apoptosis. Necroptosis can be activated by several inducements, for example one of which stimulates TNF-α and is a typical response. In TNF-α-induced necroptosis, RIP3 is necessary as a key regulator ([@b47-ijmm-43-02-0967]). In the present study, it was initially verified that cell viability was not enhanced via pre-treatment with necroptosis inhibitor Nec-1 or NSA prior to corilagin treatment in SGC7901 and BGC823 cells. It was then shown that RIP3 was not expressed in the SGC7901 and BGC823 cell lines. Therefore, these findings suggest that corilagin cannot induce necroptosis in human gastric cancer cells, but further investigations are required to confirm this.

In conclusion, corilagin can distinctly inhibit the proliferation of SGC7901 and BGC823 cells *in vitro*, while showing low toxicity towards normal cells. Furthermore, corilagin-treated cells showed induction of apoptotic cell death by activating caspase -8, -9, -3 and PARP proteins. Alternatively, corilagin-induced the autophagy of gastric cancer cells and the inhibition of autophagy improved the effects of corilagin on cell growth suppression. The excessive production of ROS may be important in inhibiting the growth of gastric cancer cells following corilagin treatment. The novel cell death pathway, necroptosis, was not induced by corilagin-incubation in the SGC7901 and BGC823 cell lines. Therefore, the natural product, corilagin may be a promising novel drug for the treatment of human gastric cancer.
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![Effect of corilagin on the viabilities of human gastric cancer cells. (A) Chemical structure of corilagin. (B) GES-1 cells were treated with various concentrations of corilagin (0-100 *µ*M) for 24 h. (C) SGC7901 and BGC823 cells were treated with different concentrations of corilagin (0, 10, 20, 30, 40 and 50 *µ*M) for 24 h. The cell viabilities were examined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide assay. (D) SGC7901 and BGC823 cells were exposed to corilagin at different concentrations (0-50 *µ*M) for 24 h, and images were captured by microscopy at magnification, ×200. Data are reported as the mean ± standard deviation (n≥3) of three replicate experiments. Significant differences from the control group were measured using Student\'s t-test. ^\*\*^P\<0.01, ^\*\*\*^P\<0.001.](IJMM-43-02-0967-g00){#f1-ijmm-43-02-0967}

![EdU assay to measure cell growth inhibition following corilagin treatment. (A) SGC7901 and (B) BGC823 cells were treated with various concentrations of corilagin (0, 10, 20 and 30 *µ*M) for 24 h, and then observed under a fluorescence microscope (magnification, ×200).](IJMM-43-02-0967-g01){#f2-ijmm-43-02-0967}

###### 

Corilagin induces apoptosis of human gastric cancer cells. (A) Cells were treated with various concentrations of corilagin (0, 10, 20 and 30 *µ*M) for 24 h, and then stained with Hoechst 33342. Images were captured by fluorescence microscopy at magnification, ×200. Percentages of apoptotic cells are reported as the mean ± SD (n=3). (B) Corilagin-treated cells were analyzed by flow cytometry following staining with Annexin V-FITC and PI. The percentages of cells in survival, early and late apoptotic stages calculated and are expressed as the mean ± SD (n=3). (C) LDH release from SGC7901 and BGC823 cells treated with corilagin for 24 h. Values are reported as the mean ± SD (n=3). (D) Cells were pretreated with 20 *µ*M Z-VAD-FMK for 2 h and then incubated with corilagin (30 *µ*M) for 24 h. Cell viability was analyzed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide assay. Data are reported as the mean ± SD (n≥3) of three replicate experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (detected using Student\'s t-test). SD, standard deviation; PI, propidium iodide.
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![Expression levels of apoptosis-related proteins treated with cori-lagin in SGC7901 and BGC823 cells. Cells were treated with corilagin at various concentrations (0, 10, 20 and 30 *µ*M) for 24 h. Total protein was collected and the expression of caspases and PARP were analyzed by western blot assay. β-actin was used as an internal control. The data are representative of three replicate experiments. PARP, poly ADP-ribose polymerase.](IJMM-43-02-0967-g05){#f4-ijmm-43-02-0967}

###### 

Corilagin triggers autophagy and inhibition of autophagy increases cell growth suppression in SGC7901 and BGC823 cells. (A) Observation of corilagin-induced acidic autophagic vesicles in SGC7901 and BGC823 cells using a fluorescence microscope. SGC7901 and BGC823 cells were treated with corilagin (0, 10, 20 and 30 *µ*M) for 24 h, followed by acridine orange dye (EBSS as positive control), and images were captured under a fluorescence microscope (magnification, ×200). (B) Cells were incubated with corilagin at different concentrations (0, 10, 20 and 30 *µ*M) for 24 h, following which LC3I and LC3II levels were detected via western blot analysis. (C) SGC7901 and BGC823 cells were pretreated with CQ (20 *µ*M) for 2 h, then incubated with corilagin (30 *µ*M) for 24 h, and expression of LC3 was evaluated by western blot analysis. (D) Cells were pretreated with CQ (20 *µ*M) for 2 h, then treated with corilagin (30 *µ*M) for 24 h, and cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide assay. Results are expressed as the mean ± standard deviation (n≥3) from three independent experiments. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (detected using Student\'s t-test). CQ, chloroquine.
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###### 

Corilagin triggers ROS generation in gastric cancer cells. (A) Cells were treated with corilagin at various concentrations (0, 10, 20 and 30 *µ*M) for 24 h and then labeled with DCFH-DA (10 *µ*M). ROS production were measured by flow cytometry (Rosup as positive control). (B) Pre-treatment with NAC (5 *µ*M) for 2 h and then incubated with corilagin (30 *µ*M) for 24 h. Cells were stained with DCFH-DA (10 *µ*M) and then ROS levels were determined using flow cytometry. (C) Cells were pretreated with NAC (5 *µ*M) and then exposed to corilagin (30 *µ*M) for 24 h. Following treatment, the cell viabilities were detected using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide assay. The data are represented as the mean ± standard deviation (n=3) of three replicate experiments. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (detected using Student\'s t-test). ROS, reactive oxygen species; NAC, N-acetyl-L-cysteine.
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![Corilagin cannot trigger necroptosis in SGC7901 and BGC823 cells. (A) SGC7901 and (B) BGC823 cells were pre-treated with necroptosis inhibitor Nec-1 (20 *µ*M) or NSA (20 nM) for 2 h, and then treated with corilagin (30 *µ*M) for 24 h. The cell viabilities were then examined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide assay. Levels of RIP3 were measured by (C) reverse transcription-polymerase chain reaction and (D) western blot analyses in several cancer cell lines. The data are reported as the mean ± standard deviation (n=3) of three replicate experiments. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (detected using Student\'s t-test). RIP3, receptor interaction protein 3; Nec-1, necrostatin-1; NSA, necro-sulfonamide; ns, not significant.](IJMM-43-02-0967-g10){#f7-ijmm-43-02-0967}
